Diets that boost ketone production are increasingly used for treating several neurological disorders. Elevation in ketones in most cases is considered favorable, as they provide energy and are efficient in fueling the body's energy needs. Despite all the benefits from ketones, the above normal elevation in the concentration of ketones in the circulation tend to illicit various pathological complications by activating injurious pathways leading to cellular damage. Recent literature demonstrates a plausible link between elevated levels of circulating ketones and oxidative stress, linking hyperketonemia to innumerable morbid conditions. Ketone bodies are produced by the oxidation of fatty acids in the liver as a source of alternative energy that generally occurs in glucose limiting conditions. Regulation of ketogenesis and ketolysis plays an important role in dictating ketone concentrations in the blood. Hyperketonemia is a condition with elevated blood levels of acetoacetate (AA), 3-β-hydroxybutyrate (BHB), and acetone. Several physiological and pathological triggers, such as fasting, ketogenic diet, and diabetes cause an accumulation and elevation of circulating ketones. Complications of the brain, kidney, liver, and microvasculature were found to be elevated in diabetic patients who had elevated ketones compared to those diabetics with normal ketone levels. This review summarizes the mechanisms by which hyperketonemia and ketoacidosis cause an increase in redox imbalance and thereby increasing the risk of morbidity and mortality in patients.
Introduction
Ketone bodies serve as alternative source of energy for the brain when glucose becomes limiting in the blood. The ketone bodies become important under certain conditions as they can supplement energy to cells when glucose oxidation dramatically decreases. They mRNA levels can rapidly be increased [3] . Thus, in normal individuals the presence of insulin counter regulates the effects of glucagon leading to the inhibition of HSL as well as that of CPT-1; as a result, very little ketogenesis occurs due to limited fatty acid availability. However, in diabetic patients with insulin deficiency, especially as seen in T1D, all of these pathways are upregulated by counter regulatory hormones, in most part by glucagon. In the absence of insulin the inhibitory effect on HSL and CPT-1 are lost leading to the increased influx of FFA and production of ketones in diabetic patients. This is most frequently observed in T1D patients who lack the ability to make insulin. The inherent deficiency of insulin coupled with periods of insulin lack (due to gaps in insulin treatments) in T1D disrupt the balance between ketogenesis and ketolysis, resulting in increased blood ketone levels, that could lead to complications such as frequent episodes of hyperketonemia or even ketoacidosis [9] . Hyperketonemia has also been reported among T2D, but its incidence is very rare [10] as most T2D individuals still have functional β-cell that maintain blood insulin levels. T2D cases where ketosis develops without a precipitating cause are referred to as ketosis-prone diabetes that manifests with impaired insulin sensitivity and impaired β-cell function. The metabolic profile and biochemical parameters of DKA in these patients is similar to that found in T1D patients [10] . Unlike patients with T1D DKA, T2D patients with DKA are more likely to be older, obese, and do not show any autoimmune markers, they also appear to have less complications associated with management of DKA because of their age [11] [12] [13] [14] .
Ketolysis
Once formed in the liver, ketones then diffuse into the circulation for use in extrahepatic tissues where ketolysis occurs. In the presence of succinyl-CoA: 3 oxoacid CoA-transferase (EC 2.8.3.18, SCOT), AA is activated to acetoacetyl-CoA, which is then converted to AcCoA by mitochondrial acetoacetyl CoA thiolase (EC 2.3.1.9) [3, 5, 15 ]. The AcCoA produced can then be used for energy production by oxidative metabolism. The ketolytic capacity of tissues depends on their SCOT activity. The heart is known to have the highest SCOT activity, followed by the kidney. This renders the heart and the kidney to have the greatest capacity for ketone body utilization. Ketones can serve as a major energy source in the brain, with a SCOT activity of ~10% compared to that of the heart, during fasting or starvation. Importantly, neither SCOT protein nor mRNA is detectable in the liver, thereby preventing futile cycling of ketones in the liver. Thus, ketones produced by the liver are transported to extrahepatic tissues to be utilized as fuel, making liver the predominant source of ketogenesis [3, 15, 16] . There is evidence supporting a decline in functional SCOT with diabetes. Research in animal models of diabetes shows that there is an association of diabetes with tyrosine nitration which results in the inactivation of SCOT [17, 18] . This inactivation of SCOT was observed in the heart tissue of the animal models, though not confirmed in humans it can be alluded that diabetics have an impaired capacity to clear ketones from the circulation, owing to a potential impairment in their SCOT activity.
patients anywhere from 1:1 to 1:4 due to the impaired utilization of BHB as well as the inability of the extra hepatic peripheral tissues to interconvert BHB to AA [7, 19, 20] . Other factors that contribute to the ratio of these circulating ketones are the reduced state of the liver with an increase in NADH levels and the reduction in the activity of β-hydroxybutyrate dehydrogenase [21, 22] .
DKA, oxidative stress, and diabetic co-morbidities
Although several studies suggest an antioxidant role for ketones and their utilization in the treatment of various disorders [23] [24] [25] [26] , one study conducted by Beskow et al. evaluated various oxidative stress parameters such as protein and lipid oxidation, levels of enzymatic and non-enzymatic antioxidant defenses, and demonstrated that AA and BHB neither elicit nor prevent oxidative stress in vitro [27] .
Nevertheless, it is important to note that when the concentration of ketones reaches much above the normal levels, they tend to interfere with normal cellular functioning. The role of ketones in the pathophysiology of complications in T1D is gaining importance. The severity of elevated ketones parallels that of high glucose levels in diabetic patients. Hyperketonemia with or without acidosis is considered to be an acute complication of poorly controlled or newly diagnosed diabetes mellitus. A growing body of evidence from both in vitro and in vivo research from different laboratories indicates that ketosis and hyperketonemia can have different outcomes based on the metabolic state of the disease. The purpose of increased ketone body production in conditions such as fasting and the administration of ketogenic diet is to either provide an alternative source of energy substrates or to enhance the efficient utilization of fuel for energy purposes. This is very distinct from the increased ketogenesis in diabetics. Diabetic patients not only have increased ketone production but their ketone clearance also significantly goes down [28] . This can be attributed to their inherently low insulin levels as insulin is required for efficient ketone clearance [29] . Additionally, the evidence indicating the decreased SCOT and β-hydroxybutyrate dehydrogenase activities in diabetic conditions also increases the ketone retention in the blood [17, 21] . Thus, the accumulation of ketones in the blood is a consequence of metabolic deregulation and not necessarily to meet energy demands. This enables ketones to turn on signaling pathways that can potentially mediate injurious effects as discussed in the following section.
Oxidative stress induction
Many recent studies, including our own and by different investigators, have reported that ketone bodies can induce oxidative stress and upregulate several signaling pathways involved in diabetic complications. Ketones were shown to induce oxidative stress in cardiomyocytes, erythrocytes, and endothelial cells [30] [31] [32] Cell culture studies demonstrated that AA can activate ERK1/2 and p38MAP kinase in cultured rat hepatocytes [33] . AA has also been shown to promote the myeloperoxidase-catalyzed peroxidation of the unsaturated fatty acid, arachidonic acid [34] . The condition of ketosis is known to increase extra-mitochondrial oxidation of fatty acids and generation of hydrogen peroxide, thereby increasing oxidative stress in hyperketonemic diabetic patients (HKD) [35] . We have reported that the levels of oxidative stress are higher in the RBC and plasma of HKD compared with normoketonemic type 1 diabetic patients [30, 36, 37] . Along with the upregulation of the oxidative stress we have also identified a decrease in the levels of glutathione in HKD patients [30] . A recent study with lean and obese patients with DKA reported that ketoacidosis induced changes in pro-inflammatory cytokines, oxidative stress, and CVD [38] . Induction of oxidative stress by the administration of plasma from DKA mice in a cell culture model was also shown [39] . Studies from our lab demonstrated that elevated levels of ketones upregulate NADPH oxidases, activate MAPK pathway and NF-κB contributing to increased oxidative stress that could be implicated in the develpoment of vascular disease and atherosclerosis [31, [40] [41] [42] . Oxidative damage has also been reported in the brains of DKA patients. Markers of oxidative stress such as 8-hydroxyguanosine, 4-hydroxynonenal, and heme oxygenase-1 were increased in DKA patients in comparison to controls [43] . The role of ketones in elevating oxidative stress and leading to endothelial cell damage is dipicted in figure 3.
Effects on insulin resistance/secretion
There is evidence that elevated fatty acids can suppress glucose oxidation in various cell types [44] . This phenomenon has been, in part, explained by the glucose-fatty acid cycle, where the elevated levels of plasma fatty acids cause an impairment in the utilization of glucose [45] . It has also been shown that glucose-fatty acid cycle plays an important role in diminishing the responsiveness of β-cells to glucose not only in the presence of elevated fatty acids but also ketones [46] . It has also been reported that ketones play a role in inducing insulin resistance by mediating the downregulation of cell surface insulin receptor and insulin receptor substrate-1 phosphorylation [47] . Impairment in insulin action on the activation of protein kinase B (PKB) was also reported in cardiomyocytes, where insulinstimulated glucose uptake was reduced after prolonged exposure to ketone body BHB [48] . Similar results were reported by another study suggesting that BHB blocked insulinmediated phosphorylation of PKB leading to the inhibition of glucose transport in the muscle [49] . It has been shown with in vitro islet studies that the glucose dependent amplification of insulin exocytosis and thereby its secretion was blunted with free fatty acid treatment [50, 51] . It was also shown in cultured islets that reduced GSH levels can significantly impact insulin exocytosis that can be corrected by GSH treatment. We and other investigators have shown in cell culture studies that high levels of ketones as well as glucose deplete cellular GSH pools [30, 31, 52] and their abundance in diabetic conditions might be detrimentally effecting insulin output from the β-cells of the pancreas. It can be speculated that elevated ketone levels coupled with elevated free fatty acids and glucose might impair insulin secretion in T2D patients. This may not apply to other physiological states such as fasting or exercise where the primary function of ketogenesis is to provide with an alternative fuel source unlike in diabetic conditions, where ketones are elevated as a consequence of metabolic deregulation.
Potentiation of vascular inflammation
DKA-induced inflammation has been a recent focus of investigation. The inflammatory response is mediated by signaling molecules such as cytokines. It has been suggested that ketones are directly involved in promoting pro-inflammatory factors and eliciting systemic inflammation [39, 53] . The role of elevated ketones in macrophage and lymphocyte activation, cytokine release, and perturbation of the endothelial cells lining the capillaries has been reported in T1D patients [54] . Heat shock protein 72 (Hsp72), which is a modulator of cytokine expression that is induced under stress conditions, was shown to be elevated in patients with high ketone levels [55] . Another important point to be considered is the fluctuation in the levels of cytokines before and during the course of DKA treatment and resolution. The rapid cytokine changes over time can also lead to capillary perturbations resulting in the damage and dysfunction of the capillary endothelial cells [56] . The role played by DKA in reactive oxygen species (ROS) production, NF-κB activation, and increased transcription of inflammation-relevant genes has also been reported [39] . It is becoming clear that the elevated levels of oxidative stress experienced by diabetic patients can increase the oxidation of LDL and thereby promote or increase their risk for atherosclerosis and CVD. Studies from our lab have shown that hyperketonemia can bring about an increase in the lipid peroxidation in T1D patients [30, 35] . It has also been reported that DKA can independently be associated with cardiovascular risk in patients in the absence of any history or known susceptibility of cardiovascular pathology [38] . There has been an association reported with ketone levels and congestive heart failure in patients. The level of elevation of ketones was reported to be proportional to the degree of severity of congestive heart failure [57] .
Involvement in liver dysfunction
In diabetic patients, elevated glucose levels that are controlled by the administration of insulin drive large amounts of hepatic glycogen synthesis. In some cases, this can lead to a glycogen overload, resulting in liver damage. Hepatic glycogenosis or hepatomegaly is a glycogen overload disorder [58] . Repeated ketoacidosis episodes accompanied by high blood glucose levels increase the risk of glycogen overload in the liver, as DKA is often treated with insulin administration. A high percentage of cases of hepatomegaly has been reported in patients who presented with DKA [59] . Diabetic patients, both type 1 and type 2, show an elevation in their liver enzymes that in most cases associated with non-alcoholic fatty liver disease (NAFLD) [60, 61] . Liver parameters were found to be deteriorated in diabetic patients with elevated blood ketones [62] . Additionally, ketosis onset diabetic group had higher incidence of NAFLD than that of non-ketotic onset diabetic group [63] , suggesting that hyperketonemia could be a possible risk factor in the onset of fatty liver and obesity. In a mouse model, Stadler et al. have shown that acetone administration, a model of ketosis, can increase generation of carbon-centered, lipid derived free radicals in the liver, leading to protein oxidation and lipid peroxidation through a free radical dependent mechanism driven mainly by overexpression of inducible nitric oxide synthase [64] . Hepatic infarction was reported to be associated with hyperketonemia [65] . It was shown that ketogenic diet-fed mice develop nonalcoholic fatty liver disease, systemic glucose intolerance, and that their livers exhibit ER stress, steatosis, cellular injury, and macrophage accumulation [66, 67] . It has been reported that ketosis increases the burden on the liver and kidneys causing deterioration in their function, and that the negative effect of DKA on kidney and liver function was far greater than the effect resulting from a mild infection [62] . Our lab has recently shown using T1D and T2D rat liver and hepatocyte cell culture models that elevated ketone levels when present along with elevated glucose levels can cause macrophage induced liver damage by the upregulation of oxidative stress leading to an increase in adhesion molecules and cytokine expression [68] . These above studies suggest that highly elevated ketones in the form of ketogenic diet or diabetes-induced can interfere with normal liver function.
DKA and cerebral abnormalities
DKA's role in cytokine induced capillary perturbation contributing to brain edema has been suggested [56] . Close et al. showed, using both in vivo and in vitro approaches, that DKA is associated with systemic inflammation that may contribute to intracranial microvascular complications [39] . Recent studies using MRI measures show altered brain structure and injury associated with adverse neurocognitive outcomes, including impairment in neuronal function and viability in T1D children [69, 70] . Patients with DKA have been reported to have prothrombotic tendencies due to their higher propensity to develop clots [4, 71] . Cerebral edema, hemorrhagic stroke, or acute ischemia associated with hyperketonemia has been implicated to intracerebral complications and neurological deterioration [72, 73] . A role for increased expression of adhesion molecules like ICAM-1 in the cerebrovascular endothelial cells has been suggested to play a role in the pathogenesis of brain edema which could potentially be fatal [74, 75] . Treatment with ketone body AA was shown to increase the expression of adhesion molecule ICAM-1 in human brain endothelial cells [76] highlighting the role of ketones in cellular activation. The association of ketoacidosis with epilepsy has also been studied in T1D children. There was found to be an increased prevalence of epilepsy in diabetic individuals and those diabetics who experience epileptic seizures have a higher disposition to developing DKA [77] . On the other hand, DKA leading to electroencephalogram abnormalities in T1D children has also been shown to increase the risk of epilepsy [78, 79] .
Some of the factors contributing to the elevation of ketones in the blood are shown in figure  2 . These could be physiological or pathological in nature. In summary, elevated ketones depending on the nature of the metabolic state might very well have different effects. In normal glycemic conditions or in hyperglycemic states, as observed in diabetic conditions, ketones get accumulated and function in a manner that is detrimental and injurious activating signaling pathways resulting in pro-inflammatory responses. On the other hand, in hypoglycemic states, the elevated ketones are utilized as fuel and are cleared up efficiently due to the lack of glucose availability. Ketone body uptake by tissues for energy purposes is an energy efficient and is deemed beneficial.
Physiological ketosis
In physiological ketosis the blood ketone levels are moderately elevated (~2 mM) [80] . The elevation of ketones achieved here is marginal and does not reach dangerously high levels. Prolonged exercise and fasting are some of the common causes of the normal upregulation of hepatic ketone output.
Fasting
Physiological response to the absence of food intake is to turn on several pathways that can ultimately provide fuel for tissues, and especially the brain. Fasting or starvation can initiate ketogenesis to regulate and maintain whole body energy homeostasis. The idea that gluconeogenesis from amino acids precedes ketogenesis induction, while the latter is induced for protein sparing purposes, is well accepted [2] . Survival during prolonged starvation is made possible by the adipose fuel stores in the body, thereby sparing the essential proteins required for vital functions. Lack of food (carbohydrate) intake causes a drop in the insulin levels with a concurrent rise in glucagon levels in the blood. Increase in glucagon as discussed above causes the activation of ketogenesis pathway. The ketone body concentrations during this time can reach to 6-8 mM [81] . The ketone body output mainly driven by the liver thus helps to sustain the energy demands of the brain and other vital organs [2, 5, 81] . The ketogenesis that occurs in this context is mainly for sustenance and is deemed beneficial in food deprived conditions.
Ketogenic diet
Consumption of a high fat diet or ketogenic diet can effectively elevate blood ketone levels. This diet is most commonly prescribed to patients with refractory epilepsy or other neurological conditions [82] [83] [84] . Ketogenic diet (KD) is a high fat, low carbohydrate diet that was formulated to replace glucose as main source of fuel and was first developed as a treatment option for children with retractable epilepsy [85] . There is evidence showing the viability of the ketogenic diet in reducing severity and the number of seizures in children with epilepsy [86] . Ketones exhibit a neuroprotective function by reducing glutamateinduced free radical formation and by increasing the NAD+/NADH ratio, restoring normal bioenergetics [26] . BHB, even more so than AA, functions as a ROS scavenger, and this antioxidant property provides neuroprotection [23] . Ketones are a more efficient fuel source compared to glucose, providing more energy per unit oxygen [25] . As many neurological disorders arise from deficient energy production in the brain [87] , this energy efficiency of ketones is therefore effective in treating epileptic seizures when ketones are primarily utilized for energy production [88] . Recent evidence points to the applicability of ketogenic diet to various other neurological disorders. Diet induced hyperketonemia was reported to bring about symptomatic improvement in patients with Parkinson's [89, 90] and Alzheimer's disease [83] .
KD is used to treat glucose transporter 1 (GLUT1) and pyruvate dehydrogenase deficiencies where the patients are unable to use glucose for energy purposes and are in need of an alternative source for their survival [91] [92] [93] [94] . GLUT1 deficiency causes impaired glucose transport across the blood brain barrier and the use of KD diet provides ketones as the alternative source of energy for the brain. On the other hand, pyruvate dehydrogenase deficiency impedes the conversion of glucose to energy, and patients with this defect can be helped by the incorporation of ketogenic diets [91] [92] [93] [94] . Interestingly, benefits of ketones in the treatment of cancer are also currently being explored. Unlike normal brain cells, brain tumor cells (glioma cells) most often show reduced expression of enzymes in the ketolysis pathway [95, 96] . As a result the tumor cells cannot utilize ketones as they rely heavily on glucose for energy. Recent studies have shown that ketones administered as a KD increased survival in a glioma mouse and rodent models as replacing ketones with glucose hinders the ability of cancer cells to metabolize ketones and thereby, prevents cancer cell growth and survival [97] [98] [99] . However, various problems have been encountered in patients adhering to this diet ( Table 1) . As the duration of diet increases so do the complications. Long term intake of KD has been linked to renal stones, gall stones, elevated liver enzymes and even death in rare cases [100] . Though the diet is well tolerated by infants it poses difficulties among older children. Intricacies such as dehydration, gastrointestinal disturbances, hypercholesterolemia, metabolic acidosis [101] , and cardiac complications have been reported in patients following a KD [102] . The complications encountered with the KD have introduced the formulation of different diets that offer similar benefits but can also be well tolerated. The modified Atkin's diet, medium-chain triglycerides, and low glycemic index treatment have all incorporated greater proportion of protein and carbohydrates into the dietary regimen to provide more food choices, better tolerance and compliance [85] .
Age and energy demands
Other instances also report elevated ketone production in the body. For example, ingestion of milk which has high fat content can elevate ketone bodies in newborn infants [103] . In young children having very high energy demands, even a day's fast or infections can increase the production of ketone bodies causing hyperketonemia [104, 105] . Inverse correlation seem to exist between age and blood ketone levels among children [105] . However, in adults, 12-16 h of fasting can cause a moderate increase in ketone levels while fasting for upto 3 days can attain hyperketonemia [106, 107] . An exception to this is pregnancy. Pregnant women tend to have high ketone levels in their blood and their blood ketone levels after fasting can rapidly increase making them more susceptible to ketoacidosis [108] .
Pathological ketosis
Dysregulated ketone metabolism, that involves defects in ketone clearance or over production of ketones, can increase blood ketone concentrations to levels that can cause changes in the blood pH. This abnormal elevation in ketone levels can be detrimental.
Impaired ketolysis pathway
Individuals deficient in the enzymes involved in ketone body degradation or ketolysis tend to have high ketone levels in their blood while on the other hand, inborn errors in ketogenesis pathway lead to high FFAs and low ketone levels. Defects in ketolysis pathway include SCOT and acetoacetyl CoA thiolase deficiency, while those in ketogenesis pathway include HMG-CoA synthase and HMG-CoA lyase deficiency [5] . Patients with SCOT deficiency experience continuous hyperketonemia also considered as permanent elevation of blood ketone levels and, after fasting, their ketone levels rise abnormally high and they rapidly develop ketoacidosis [109] . Another condition in which individuals experience abnormally high blood ketone levels is that of acetoacetyl CoA thiolase deficiency which has been linked to recurrent attacks of ketoacidosis [110] .
Alcoholic ketoacidosis
This condition is most often diagnosed in the emergency room in alcoholics. Alcoholic ketoacidosis is an induced state or condition that arises from prolonged intake of ethanol.
Alcohol abuse can lead to acidosis mediated by the elevated levels of ketones in the blood [111, 112] . Oxidation of ethanol by hepatic alcohol dehydrogenase results in the increase of NADH and creates an imbalance favoring FFA conversion into ketones [113, 114] . Most commonly this condition is associated with normal blood glucose levels [111] but when accompanied with malnourishment (low carbohydrate intake) the patients become hypoglycemic and are rendered unconscious with potential brain damage [115, 116] . Though the hormonal profile of these patients is similar to those with DKA (low insulin and high counter regulatory hormones), their biochemical and metabolic profile varies quite a bit [117] . Study shows that alcoholic ketoacidosis had a higher BHB to AA ratio and higher lactate levels compared to DKA that can be explained by the altered redox state induced by alcohol metabolism [117] .
Diabetes
Resulting from a relative or absolute lack of insulin increased ketogenesis occurs in diabetic patients, more commonly in individuals with type 1 than type 2.
5.3.1 Type 1 diabetes-Type 1 diabetes (T1D) that accounts for ~10% of the diabetic cases worldwide is most commonly seen in children and during adolescence [118] . T1D is mediated by the autoimmune destruction of pancreatic β-cells leading to absolute insulin deficiency. Exogenous insulin administration is required to achieve control over elevated glucose levels. Any lapse in insulin administration or a missed dose can lead to the activation of the ketogenesis pathway. Ketone levels of 1-2 mM (1-2 µmol/mL) are frequently seen in T1D patients during routine check-up visits at the clinic [119] [120] [121] [122] . Ketogenesis is normally favored and deemed beneficial during fasting or starvation conditions as ketones take on the role of energy generation in glucose limiting conditions. This essentially occurs in the absence of any carbohydrate ingestion and is tightly regulated throughout by both glucagon and insulin. In case of diabetes, the absence of insulin coupled with glucagon release drives gluconeogenesis in the liver, lipolysis in the adipose, and hepatic ketogenesis [73] . Although several benefits of ketones have been reported, nevertheless ketones when in excess can cause ill effects. Buildup of ketone concentration in the blood that could potentially result in a drop of blood pH levels can lead to ketoacidosis, a devastating complication [73] .
Diabetic ketoacidosis (DKA)-
Diabetes plays a prominent role in the development of pathological ketosis. The amounts of ketones produced in diabetic patients are much higher than those observed in fasting subjects, as diabetic patients show decreased insulin levels (impaired insulin secretion or ineffective insulin action), increased levels of counterregulatory hormones such as glucagon that increase free fatty acid levels in the circulation, coupled with impaired ketone clearance. Impaired ketone clearance has been attributed to the decrease in the activities of enzymes involved in ketolysis, namely 3-hydroxybutyrate dehydrogenase and SCOT [21] . The majority of studies have suggested that increased ketogenesis is the major factor responsible for the development of ketoacidosis in diabetics [28, 123, 124] . Insulin deficiency coupled with excess glucagon leads to the unregulated release of ketone bodies from the liver [125] . Ketones are organic acids that are ionized at physiological pH; the hydrogen ions thus released bind to bicarbonate [7] . When Kanikarla-Marie and Jain Page 10
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the level of ketones in the blood reaches an excess, such that the buffering capacity of the plasma is exhausted due to the depletion of bicarbonates, it can lead to metabolic acidosis with a drop in blood pH, a condition known as ketoacidosis that can occur in many metabolically deranged situations. In diabetic conditions this is termed as diabetic ketoacidosis (DKA) [7, 120] . DKA is a potentially life threatening complication that accounts for the majority of deaths reported in children with T1D [126, 127] . The severity of DKA was reported to be greater in children < 3 years of age [73] .
Patients with DKA have blood glucose levels anywhere between 11 mmol/L and 55 mmol/L (normal range 4 mmol/L to 6.1 mmol/L), arterial pH ranging from 7.35 to 7.20 (normal arterial pH = 7.41), and plasma bicarbonate levels ranging from 19 to 10 mmol/L (normal range 18 to 30 mmol/L), a further derangement from the above given values can also be expected in severe cases of DKA [73, 128, 129] . Osmotic diuresis induced by hyperglycemia results in severe fluid loss that is associated with large losses of electrolytes in the urine [125, 126, 129] . Successful treatment of DKA includes the correction of dehydration, hyperglycemia, ketoacidosis, and the deficiency of electrolytes. Insulin, potassium, bicarbonate, and saline are generally administered. Several treatment related complications may also arise in these patients, including cerebral edema, respiratory distress, vascular thrombosis, and hypoglycemia [120, 129] . DKA is considered a medical emergency and the patients are admitted in the hospital where they could be continuously monitored.
Potential triggers of ketoacidosis in diabetic patients-Several factors can
potentially trigger the excessive production of ketones leading to ketoacidosis. When an illness or a condition involves the upregulation or high output of hormones that are counterregulatory to insulin, the ketogenesis pathway will be favored, increasing the synthesis of ketones [130] . During conditions such as infection, trauma, surgery, or heart attack, the usual insulin treatment is inadequate as there is a rise in the levels of hormones counter regulatory to insulin. Epinephrine levels are most commonly elevated under stress conditions. Epinephrine's function opposes that of insulin and activates lipolysis, leading to increased ketogenesis [131] . These raised blood levels of ketones can drop the plasma pH and cause acidosis as seen in DKA. Pneumonia and urinary tract infections are the most common causes of DKA manifestation [13] . In such cases where there is a very severe insulin deficiency, the serum concentration of these ketone bodies can exceed 25 mM, compared with levels of <0.5 mM in normal individuals [7, 19, 119] . Delay in disease (T1D or T2D) is the major cause of DKA in children and adults while omission of insulin administration is the leading cause of recurrent DKA in diabetics [73] . DKA has also been identified in T2D patients [14, 132] . Infections, new onset diabetes, and other unknown factors contribute to DKA in T2D [7, 11] . Elevated ketone levels in these patients are reported along with severe insulin resistance and worsening of hyperglycemia [63, 133] . There is evidence that due to the advanced age of these patients, DKA in T2D is more severe with worse outcomes compared to those with T1D [11] . Along with DKA a more common disorder that is reported in T2D is hyperglycemic hyperosmolar syndrome (HHS). DKA and HHS are diabetic medical emergencies that require immediate attention. Although they have certain common features, they differ in hyperglycemic status and the presence of ketoacidosis. The underlying difference is that in HHS there is still some residual insulin secretion that prevents ketosis [134] . The presence of minimal insulin in HHS can minimize ketogenesis but fails to control hyperglycemia and as a result these patients show a severe hyperglycemia compared to those with DKA [134, 135] . General understanding is that DKA is most commonly seen in T1D while HHS is more common in T2D, owing to either an absolute or a relative insulin deficiency [134, 135] . Some of the less common triggers of these metabolic derangements include stress, infections, emotional/physical trauma, surgery, and drug abuse [13, 136, 137] .
In T1D exogenous insulin administration is required to achieve control over elevated glucose levels. Maintaining insulin timing and dosage not only prevents hyperglycemia but also keeps the ketogenesis pathway regulated. In diabetics the best approach is to prevent ketone accumulation by adhering to the treatment regime. This includes regular monitoring of ketones along with their glucose levels. A rise in the ketone levels is indicative of insulin insufficiency and metabolic deregulation and could potentially be controlled with insulin administration. This monitoring and follow might be especially useful for diabetics during an illness, infection or trauma.
It is still unclear how ketones behave in a hyperglycemic state individually, as well as in combination, since T1D patients frequently experience hyperketonemia in addition to hyperglycemia. Recently we have shown in a cell culture studies using endothelial cells and hepatocytes, and in animal models that ketones when present along with high glucose can cause more damage to the cells compared to that of just ketones or high glucose alone [31] . So far the research that points to the beneficial effects of ketones has only been done using either a calorie restricted diet or a low carbohydrate diet where ketones are utilized as the primary source of energy [23, 87] . It still needs to be explored in vivo how ketones, when elevated to an extent without leading to ketoacidosis, behave in the presence of normal or high glucose conditions. It can be speculated that in normal glucose conditions elevated amounts of ketones would act as signaling molecules and mediate cellular damage, as glucose would still serve as the primary source of energy delaying ketone clearance or ketone uptake by tissues.
Conclusion
Evidence from patient, animal, and cell culture studies supports a role of elevated ketones in inducing oxidative damage at cellular and tissue levels. Hence, it needs to be emphasized that measures need to be taken to prevent the elevation of ketone levels, except when deemed necessary clinically. Diabetic patients who most frequently experience hyperketonemia can prevent it by strictly abiding to their insulin treatment regime. As elevated ketones are known to elicit oxidative stress and inflammatory responses which play a prominent role in the development of complications associated with diabetes. Therefore, there is a need to identify them as significant contributors in increasing the risk of vascular inflammation and associated morbidities in diabetes and patients following a long term ketogenic diet. In normal conditions glucose gets converted to acetyl CoA and enters tricarboxylic acid (TCA) cycle to yield energy. When glucose becomes limiting, glucagon levels rise facilitating free fatty acid (FFA) transport into the liver, fatty acid oxidation is carried out by the liver to generate ketone bodies that can keep up with the brain's energy demands. Ketogenesis increases as the availability of oxaloacetate (OA) becomes limited forcing the acetyl CoA pools towards ketone production. The ketones get converted to acetyl CoA in the extra hepatic tissues and enter into the TCA cycle providing with energy. Conditions that induce the upregulation of ketone synthesis or cause the accumulation of ketones in the blood. In individuals during normal physiological conditions such as fasting and pregnancy along with infancy, the concentration of ketones rises in the blood. Other states such as diabetes, also known as an insulin deficient state, alcoholism, and certain mutations in the genes that are required in the breakdown of ketones also increase ketone levels in the blood. Literature has shown that ketones can increase oxidative stress by several mechanisms, and upregulation of NADPH oxidases is one such example. The increase in the production of superoxide radicals, mediated by ketones, can upregulate signaling mechanisms inducing the expression of adhesion molecules. It has been shown in the endothelial cells where the increased adhesion molecule expression can cause the monocytes to adhere that could
